The surface of the bottle gourd shell (BGS), a solid agricultural residue of Lagenaria vulgaris Ser. was chemically modified using a cationic surfactant, hexadecyltrimethylammonium chloride (HTAC). The success of the modification was confirmed by FTIR spectroscopy. Chemical characterization of the lignocellulosic BGS biomass and the surfactant modified bottle gourd shell (MBGS) was carried out using the compositional and elemental analysis. The amount of surfactant sorbed on the BGS surface was measured as a function of the surfactant bulk concentration. Sorption isotherms were used to verify self-assembly models of cationic surfactant sorption onto oppositely charged MBGS substrates. The shape of sorption isotherms was applied to describe the behavior of the surfactant/BGS system. The surfactant modified shell was tested as a sorbent for the removal of phosphate and nitrate from contaminated aqueous solutions. The sorption of anionic pollutants on MBGS was performed in a series of batch sorption experiments at 20 o C. It was found that the MBGS yielded sorption efficiency was 40% for phosphate and 22% for nitrate. The sorption mechanism involving the ion exchange might be responsible for the uptake of anions. The morphology and surface properties of the MBGS sorbent before and after sorption of anionic pollutants were analyzed by SEM methods. Compared to other non-surfactant sorbents, the advantage of MBGS as a sorbent is that it can be used for the removal of anionic pollutants not only from aqueous solutions but also from the emulsified oil wastewater or nonpolar effluents.
Introduction
Agricultural residues, as well as industrial waste biomasses, are important for various practical applications, especially in the field of the wastewater treatment. Increasing the interest in natural, renewable, and biodegradable materials makes the agricultural residues like lignocellulosic polymers attractive raw materials for the preparation of pollutant sorbents [1] . Various covalent and non-covalent modification approaches have been developed for lignocellulosic materials to make functional particles or to improve their dispersion in hydrophobic polymer matrices, such as radical and graft polymerizations [2] . Alternatively, surface modification of waste biomass can be made via sorption of surfactants, which is considered a noncovalent surface modification. A surfactant is defined as a material that can greatly reduce the surface tension of water when used in very low concentrations [3] . The surfactant-based lignocellulosic biomasses have drawn much attention lately because they present many novel performances such as low cost, biodegradation, associative properties in water, rheological properties, and surface-active properties that can control sorption of different ionic pollutants.
Surface modifications of waste biomass through the interaction with different cationic surfactants, as well as their applications for the removal of anionic pollutants from aqueous solutions, have been the subject to intensive studies, especially during the last decade [4, 5] . In this sense, the following cationic surfactants are mainly used: octadecyltrimethylammonium bromide (C18, OTAB), cetyltrimethylammonium bromide (C16, CTAB) or chloride (C16, CTAC), cetylpyridinium bromide (C16, CPB) or chloride (C16, CPC), tetradecyltrimethylammonium bromide (C14, TTAB) and dodecylpyridinium chloride (C12, DPC) [6] . For the purpose of making sorbents, modifications of many biomasses or other substrates were carried out as follows: cellulose fibers with CTAB [7] , wheat straw with CPB to remove anionic dyes [8] , the tea waste with CTAB and CPB for the removal of anionic congo-red [9] , silkworm exuviae with CTAB for removing anionic methyl orange [10] , yeast biomass and lichens with CTAB to remove chromates [11] , barley straw with CPC for the removal of food and mineral oils [12] , coir pith with CTAB for the removal of chromates, sulphates and thiocyanates [13, 14] , zeolite with CTAB to remove phosphate [15] , acetate-cellulose membranes with TTAB, CTAB, CTAC, and CPC for the removal of nitrates [16] .
Taking into account these studies, it is obvious that the biomass of the bottle gourd shell (BGS) has not been the subject of surfactant-based modification so far. Also, the surface modified biomass has not been studied as a sorbent to remove phosphate and nitrate from aqueous solutions. The bottle gourd (genus Lagenaria), one of the first cultivated plants in the world, is a genus of gourd-bearing vines in the squash family (Cucurbitaceae). The bestknown species Lagenaria siceraria (synonym Lagenaria vulgaris Ser.) is a cultivated plant grown for its fruit [17] . The fruit can be harvested young and used as a vegetable. The fresh fruit has a light-green smooth shell and a white flesh. The fruit pulp has been known for its healing properties, and has been utilized for the treatment of various ailments since ancient times [18] . More often, the bottle gourd is collected mature, then dried, and exploited in making utensils, musical instruments, pipes, bottles, or water containers ( Figure 1 ). As the main structural components of the plant cell wall, the fresh fruit shell contains crude protein (15-18%), cellulose (18-20%) and lignin (8-10%) [19] . However, the dried shell is a hard material with the lignocellulosis structure. Depending on the origin and storage conditions, the dried bottle gourd shell (BGS) mainly contains polysaccharides (cellulose 35-40%, hemicellulose 15-20%) and lignin 35-40% [20] [21] [22] . The availability of specific functional groups such as hydroxyl (OH) existing in the cellulose, hemicelluloses, as well as the lignin structure suggests a potential of using BGS as a sorbent material. In the past, BGS has been selected to be a sorbent for the removal of heavy metals from wastewater [20, [23] [24] [25] . The BGS biomass is of a hydrophilic nature, as is the case for cellulose itself. This causes difficulties in mixing BGS with hydrophobic effluents, and therefore its utilization has been limited. Broadening its field of application would require developing different degrees of surface hydrophobicity [26] . The porous BGS has a high surface area to volume ratio, which means that it has a highly reactive and easy to functionalize surface [25] . As is the case with all lignocellulosic biomasses and their derivatives, hydroxyl groups are the primary reactive sites for the surface modification. BGS possess negative charges on its surface at neutral pH, due to the presence of OH (from cellulose and lignin constituents) and COOH (from hemicelluloses) groups, which improves their stability in aqueous solutions, but restricts its dispersibility in most non-polar solvents. Therefore, a cationic surfactant was investigated to modify the BGS surface in this study. Cationic surfactants, such as quaternary ammonium compounds, have been employed in the past to exchange the extra structural cations of clays, enhancing the surface affinity for organic species such as nonionic organic compounds [27] and hydrophobic organic compounds [28] . Quaternary ammonium salts have also been used to modify cellulose surfaces [29] . Furthermore, the use of surfactant treated materials to remove oil-in-water has been investigated such as wheat straw and organoclay [30] . Chemical functionalization of the biomass surface by a cationic surfactant is carried out to introduce stable positive electrostatic charges on the surface to obtain better dispersion, and tune its surface energy characteristics to improve compatibility, especially when used in conjunction with nonpolar or hydrophobic materials [31] . However, one of disadvantages of using surfactants for the surface modification of biomass is that large volumes are required due to a high specific area [32] . In this regard, the development of the method for surface modification of biomass was carried out by the addition of a reduced amount of cationic surfactant.
The main objective of this research was to modify the surface of the BGS biomass by using a cationic surfactant. This is possible since the BGS surface is covered with a large amount of charged anionic sites at neutral pH. For this research, hexadecyltrimethylammonium chloride (HTAC) was selected and used as a quaternary ammonium reagent. HTAC (C 19 H 42 NCl, 320 g mol -1 ) is a tetra-substituted ammonium cationic surfactant with permanently charged quaternary nitrogen, and a long straight alkyl (C16) chain that imparts it with a high degree of hydrophobicity ( Figure 2 ). HTAC has some advantages over other materials used so far to modify the surface of lignocellulosic biomasses. The surfactant is water soluble (dispersible), stable in both acid and alkali media, and exhibits a strong cationic activity. It exists as a monomer at the concentration below the critical micelle concentration (CMC of about 1.3 mmol dm -3 ) or as micelles at the concentration above CMC. Around that, HTAC is readily available, inexpensive and can be degraded by microorganisms [33] . Although different modification methods have been developed for biomass, little attention has been paid to controlling the degree of hydrophobicity of the resulted product. Because of that, the modification was conducted under different surfactant concentrations so as to impose different degrees of hydrophobicity. Controlling the hydrophobicity of the BGS biomass is very important to achieve the best compatibility between the MBGS product and anionic contaminated effluents. The HTAC interaction with the BGS biomass has been studied to evaluate the potential use of MBGS as a sorbent for anionic pollutants in the environmental technology.
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Experimental
Reagents and materials All reagents used in the experiments were of analytical grade. Inorganic reagents such as HCl, NaOH, KNO 3 and KH 2 PO 4 were purchased from Merck (Germany). The organic surfactant, hexadecyltrimethylammonium chloride (HTAC) (solution of 25 wt. % in H 2 O, density of 0.968 g cm -3 at 25 o C), was obtained from SigmaAldrich (Chemie, GmbH) and used for the modification process in this study. The molecular structure of HTAC is illustrated in Figure 2 . All solutions were prepared with deionized water (18 MΩ). Working standard solutions of phosphate (10 mg P dm -3 ) and nitrate (10 mg N dm -3 ) anions were prepared just before use by the appropriate dilution of the stock solutions (100 mg dm -3 ). All standard solutions were stored in a refrigerator at +4 °C. The bottle gourd shell (BGS), grown in the southern area of Serbia (near Leskovac) without irrigation and fertilization, at an altitude of 280 m, was used as the starting material in this experiment. In that sense, the naturally dried shell of Lagenaria vulgaris was manually emptied and crushed into 1 to 2 cm pieces. The raw biomass was soaked and washed with deionized water to remove dust and soluble impurities. The washed material was dried in an oven for 24 h at 60 o C to achieve its constant weight. Then, the residual material was milled in a crusher mill (Waring 8010 ES, Germany) and sieved to separate a size between 500 and 800 μm using successive sieving through octagon sieves (Oct-Digital 4527-01).
Characterization methods
The constituents and physical properties of BGS were determined according to the standard Association of Official Analytical Chemists (AOAC) procedures. The modification of the BGS biomass by the cationic surfactant was confirmed by the elemental (CHNS/O) analysis, using a Elemental Analyzer (Vario EL III CHNS/O system GmbH) to assess add functional groups. Fourier transform infrared spectra of the samples were recorded in the wavenumber range of 4000-400 cm -1 , using an FTIR Spectrophotometer (BOMEM MB-100, Hartmann & Braun, Canada) operating at the resolution of 2 cm -1 and 16 scans. The samples were compressed in a potassium bromide (KBr) pellet prior to spectroscopy. The FTIR spectra were analyzed using Win Bomem Easy software, in order to identify the surface functional groups present on the BGS biomass and the MBGS sorbent.
The surface morphology of the samples, before and after anions loading, was studied using scanning electron microscope (SEM) images which were taken by a JEOL JSM-6610LV microscope. The samples were coated with chrome, under vacuum in an argon atmosphere, before observation of SEM. An accelerating voltage of 20 keV for primary electrons, as well as the working distance of 10 mm proved to be satisfactory. Spot sizes varied depending on the applied magnification.
Preparation of the surfactant modified sorbents Prior to the treatment with HTAC, the raw BGS biomass was treated with 5M NaOH solution (pH 10). The suspension was shaken by an orbital shaker at the speed of 150 rpm at 80 o C for 30 min. The alkali-treated BGS was rinsed with deionized water and dried in an oven at about 60 o C for 10 h. The surfactant modified sorbent (MBGS) was prepared by soaking the BGS biomass (1 g) in 500 cm 3 of the HTAC solution of the desired concentration (1.15 and 2.56 mmol dm -3 ). The suspension was then stirred on a magnetic stirrer (at 150 rpm) for 8 h at 25 o C. The solid phase was filtered and washed with deionized water several times to remove the surface retained surfactant, and until no Cl − was detected by AgNO 3 solution. Finally, the sample was dried in an oven at 60 °C for 10 h (to constant weight). The prepared products were stored in an airtight glass container and labeled as MBGS1 sorbent (lower concentrations, below CMC) and MBGS2 sorbent (higher concentration, above CMC).
Sorption isotherms of surfactant
The sorption isotherms of the cationic surfactant were carried out at 25 °C using the depletion method [6] . The appropriate volume of the high-concentration HTAC stock solution (25 wt.% in H 2 O) was added to the 1% BGS suspension to obtain surfactant concentrations ranging from 0.01 to 2.60 mmol dm -3 . The pH of the suspension was not affected by the addition of cationic HTAC, and the pH was close to 6.8 for all samples. The suspension was then stirred for 10 h at 25 °C to reach sorption equilibrium. Dispersions were then centrifuged at 1500 rpm for 10 min, and the amount of the free surfactant in the supernatant was determined by UV absorption at 260 nm (Varian CARY 100 Conc. UV-VIS Spectrophotometer).
Batch sorption studies of anionic pollutants Sorption experiments were evaluated in the batch equilibrium mode. All experiments were conducted by mixing 50 cm 3 of phosphate (10 mg P dm -3 ) or nitrate (10 mg N dm -3 ) working solution with 2 g dm -3 of the desired sorbent (MBGS1 or MBGS2). The pH values of the initial solutions were adjusted to 6.8 ± 0.1 with dilute HCl (0.1M) or NaOH (0.1M) solution. The mixtures were stirred at 150 rpm in order to ensure a good mixing without the vortex effect. The temperature was maintained at 20 ± 1 o C using a temperature-controlled water bath. After 6(2) (2017) 38-50 the equilibrium time was completed (60 min), the suspensions were centrifuged at 1500 rpm for 10 min. The phosphate aliquots were analyzed for the residual phosphate concentration (expressed over P-PO 4 ), axially at 213.618 nm by inductively coupled plasma-optical emission spectrometry (ICP-OES) on an instrument ARCOS FHE12 (Spectro, Germany), according to the manufacturer's instructions. The nitrate aliquots were analyzed for the residual nitrate concentration (expressed over N-NO 3 ), at 220/275 nm by an UV-VIS spectrophotometer (Cary-100 Conc., Varian), according to the Standard 4500-NO 3 methods [34] . The equilibrium sorption capacities of MBGS sorbents were calculated using the following equation:
. (1) where:
) is the amount of P-PO 4 or N-NO 3 sorption per gram sorbent at equilibrium; C0 and Ce (mg dm -3 ) are the concentrations of P-PO 4 or N-NO 3 at original and equilibrium, respectively; V (dm -3 ) is the volume of the solution, and m (g) is the dry mass of the sorbent. Following the experiments, the post-sorption sorbent samples were collected for further characterizations.
Results and discussion
The main challenge for the chemical functionalization of BGS is to conduct the process in such a way that it only changes its surface, while preserving its original morphology so as to avoid any polymorphic conversion and maintain the integrity and mechanical properties of the material. Another challenge in modifying BGS is to design a simple modification system with no or minimum negative impact on the environment. In this sense, the chemical composition of the BGS biomass was first analyzed, according to which the method of modifying its surface with the HTAC surfactant was designed.
Chemical composition and biomass properties The natural BGS biomass is subjected to the investigation of biochemical and physical properties, according to standard AOAC procedures ( Table 1) . All values are means of triplicate determinations and expressed in percent (%) based on the dry weight. The biochemical analysis has shown that lignin is the most represented component in the biomass. A high proportion of holocellulose (cellulose and hemicellulose) in BGS suggests more hydroxyl groups available in the modification process. The protein content is extremely low, while the volatile matters were not detected considering that the BGS is natural dried. The plant material was generally low in ash, consisting mainly metals (such as Zn, Cu and Mn) bio-accumulated in the plant during growth [20] .
These data are in accordance with characteristics of other plants from the genus Lagenaria [35] . The comparative analysis of the chemical composition of different agricultural waste, tested for anion sorption (pecan shells, peanut shells, almond shells, cotton seed hulls, rice hulls, sugarcane bagasse, corn cob, corn stover, oat hulls, oak chips, rice straw, soybean hulls), shows that BGS is most similar to almond, peanut and pecan shells, considering a high lignin content (between 27 and 48%), and the similar content of other constituents [36] . However, one should bear in mind the fact that even the same biomass, but of different natural origin and sites have a very different composition (e.g. rice and sugarcane bagasse), which will certainly affect their modification and a different yield, and therefore the anion sorption and their mechanism [37] . Table 1 . Biochemical and physical properties of the raw BGS biomass Design of the BGS surface modification method Taking into account the previous experience of the practical application of the surfactant-cellulosic sorbent for the removal of anions (such as nitrate and phosphate) from wastewater [15, 16] , the properties of the starting agricultural biomass, and the fact that chlorides in the previous sorbents had the role of a counterion, hexadecyltrimethylammonium chloride (HTAC) was selected as the optimum cationic surfactant for the BGS modification in this study. Prior to the treatment with HTAC, the BGS biomass was treated with an aqueous sodium hydroxide (5M) to enhance the sorption capability for HTAC. The alkaline hydrolyzation of lignocellulosic material increasing the formation of hydroxyl and carboxyl groups which are responsible for binding activities [38] . Considering the critical micellar concentration (CMC) of this surfactant (1.28 mmol dm -3 , determined by a surface tension at 25 °C), in accordance with the aforementioned literature data [4, 5] , two different concentrations of the solution were used for the BGS modification process: below CMC (0.9 x CMC) and in excess (2.0 x CMC), i.e. 1.15 and 2.56 mmol dm -3 , respectively. Prepared sorbents of MBGS1 (lower concentration, for 0.58 mmol g -1 ) and MBGS2 (higher concentration, for 1.28 mmol g -1 ) were characterized and used to test the efficiency of anions sorption (phosphate and nitrate) from the aqueous solution.
Physicochemical characterization of MBGS sorbents
In order to confirm the introduction of quaternary cationic groups into the structure of the BGS biomass, the obtained sorbents have been characterized by physicochemical methods such as the elemental analy-6(2) (2017) [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] sis and the reaction efficiency. The elemental analysis (CHNS/O) was used to estimate additional functional groups in sorbents during the BGS biomass modification process. Changes in the type and the elements content of the initial BGS biomass and the resulting MBGS sorbents are shown in Table 2 . The presence of sulfur has not been identified in the samples tested. Other characteristic parameters, such as the reaction efficiency (RE), a degree of substitution (DS), the amount of added cationic groups (Nadd) and the product yield (PY) are determined in the function of the nitrogen content (N):
Nadd (mmol N g (5) where NS and NB are the nitrogen content (%) in sorbent and biomass (estimated from the elemental analysis); factor 0.714 converts units (%N to mmol N g -1 ); Q is the amount (mmol) of the cationic HTAC agent added to the reaction mixture per gram of the BGS biomass; M is the molecular weight of the cationic HTAC agent (g mol -1 ); 162 is the molecular weight of the anhydrous glucose unit; 14 is the atomic mass of nitrogen; mS and mB are the masses (g) of the dry sorbent and biomass samples. Based on the elemental analysis (Table 2) , the values of the CHO content in the BGS biomass (H/C ratio 0.13) are very similar to the results of the elemental CHO analysis of other studies, which report the content in various agricultural wastes from 42-59% for C, 3-7% for H and 32-50% for O [20, 36] . As expected, the unmodified BGS had no nitrogen in its compositions. Significant changes in the nitrogen content were observed in both samples of sorbents, which confirms the effectiveness of biomass modification. The increase in the N content was here proportional to the concentration of the used solutions, so that almost twice higher content of N (1.43%) was registered with the MBGS2 sorbent as a result of the use of the concentrated solution of the HTAC agent (above CMC). This fact indicates a possible mechanism of twolayer aggregation of surfactants on the biomass surface. Based on the amount of added cationic groups in the MBGS sorbent, the theoretical ion exchange capacity of 1.01 mEq g -1 was calculated by using the Equation 2. The high values of the reaction efficiency and the product yield indicate the maximum utilization of the used HTAC agent. However, a small degree of substitution and the predicted two-layer mechanism suggest that the obtained data cannot be relevant for assessing the efficacy of the anionic species sorption from the solution. This may be understandable if one takes into account the fact that at least half of the surfactant total amount is occupied by interaction with the biomass active centers, while the rest is available for the sorption process of anionic contaminants. Accordingly, a more realistic exchange capacity of 0.56 mEq g -1 typical for the MBGS1 sorbent should be expected.
FTIR structural characterization The Fourier transformation infrared spectroscopy (FTIR) is a rapid analytical technique ideal for the initial classification of organic residues into groups with broadly comparable chemical composition [39] [40] [41] . Therefore, FTIR spectroscopy was chosen to characterize all solid samples obtained from the treatment processes. The FTIR spectra of starting the BGS biomass (a), MBGS1 sorbent (b), MBGS2 sorbent (c) and HTAC surfactant (d) are given in Figure 3 , assigned to ester-linked acetyl groups was not observed in this sample, indicating the successful cleavage of ester linkages between hemicelluloses and lignin in the pre-treatment process. Cellulose characteristic bands in the region of 1250-850 cm -1 , such as 1157, 1116, 1060 and 1025 cm -1 can be mainly observed in this IR spectrum (Figure 3b) . All vibrations are related to pyranosyl rings among which the band at 1116 cm -1 corresponds to the C-OH skeletal vibration, while 1060 cm -1 is associated with the C-O-C ether linkage of skeletal vibration and 1025 cm -1 is attributed to C-O stretching vibration characteristic of cellulose. The band at about 1374 cm -1 was pronounced and the glycosidic bond vibration was detected at 901 cm -1 . The band at 1322 cm -1 has a contribution of C-C and C-O skeletal vibrations. In this spectrum negligible, although visible absorption bands of lignin at 1228 and at 1267 cm -1 , associated with C-O stretching vibrations of the respective syringil and guaiacyl methoxyl groups are also noticed. The strongest band can be noticed at 1654 cm -1 and it is associated with C=O stretching in conjugated para-substituted aryl ketones present in the lignin structure. Additionally, a band at 996 cm -1 indicates the existence of arabinose (arabinosyl side chains). Moreover, the band at 1738 cm -1 responsible for the hemicellulose-lignin interaction is absent in the cellulose-rich sample spectrum. However, the negligible band at 1718 cm -1 is attributed to C=O stretching in unconjugated ketone, and carbonyl and ester groups also appear.
The evaluation of FTIR spectra of MBGS samples (Figure 3b-c) indicates that a successful modification was attained in both cases regarding different surfactant concentrations. The spectra of MBGS1 and MBGS2 samples demonstrated great similarities, especially for the characteristic region 1800-800 cm -1 . The results of spectroscopy FTIR analysis revealed that the interaction of BGS with HTAC led to the presence of new chemical groups (-CH 2 -, -CH 3 and quaternary ammonium -N + R 3 groups) on the MBGS surface. Thus, two sharp peaks in the FTIR spectra of both MBGS1 and MBGS2 samples at about 2945 and 2850 cm -1 are associated with asymmetric and symmetric stretching of C-H bonds which are characteristic of CH 2 and CH 3 groups present in the aliphatic chain (tail) of HTAC molecule (Figure 3d ). Most importantly, these FTIR spectra (Figure 3b-c) show the emergence of a new weak band at 1482 cm -1 , corresponding to the C-H bending vibration from the quaternary -N + -(CH 3 ) 3 functional group [42] . These observations clearly indicate the incorporation of a cationic N + R 4 group onto the sorbent surface. On the other hand, the differences between the IR spectra of MBGS1 (after HTAC sorption of 0.58 mmol g -1 ) and MBGS2 (after HTAC sorption of 1.28 mmol g -1 ) are in the intensities of ν(CH) bands (at ca. 2945 cm -1 , 2925 cm -1 and 2850 cm -1 ) of the sorbed surfactant, and in the extent of perturbation of the hydroxyl IR bands. As the amount of the sorbed surfactant increases (from 0.58 to 1.28 mmol g -1 ), the frequency of the perturbed hydroxyl bands shifts downwards (from 3430 to about 3250 cm -1 ). The FTIR spectra thus point to the importance of hydroxyl groups in the sorption of the surfactant. Namely, it is well known that there is a difference in the sorption mechanism of cationic surfactants below and above the CMC (1.28 mmol dm -3 ). The difference was that below the CMC, the interaction between the cationic surfactant and the biomass surface with an opposite charge was due to electrostatic binding between both charges. Above the CMC, the interaction was both the electrostatic binding between the head groups and the biomass surface, as well as the hydrophobic inter-6(2) (2017) [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] action between the tail groups of surfactants [6] . In the case of MBGS, the hydrophobic interaction between the tail groups appears to be a major driving force for surfactant sorption.
Sorption isotherms of the cationic surfactant The sorption isotherms of the cationic HTAC surfactant on the BGS biomass are shown in Figure 4 . When MBGS2 sample was analyzed, the sorption isotherm clearly displayed a five-region shape. In region I, the amount of the sorbed surfactant was low and did not exceed 20 μmol g -1 . When the free surfactant concentration reached a critical level, a significant increase in sorption (onset of region II) was noted. The sorption was slowed as the sorption attained a certain level (region III). Furthermore, the surfactant concentration was continuously increased (region IV) until it reached a constant level (region V). It seems that the sorption remains low at the beginning, and increases slowly in region I despite the presence of a relatively high amount of available negative sites on the BGS surface. In this region, surfactant monomers are sorbed via the electrostatic interaction between surfactant head groups and negative sites on the BGS surface. Hydrocarbon tails are supposed to lie flat on the substrate to minimize their contact area with water molecules. The relatively high surface occupied by the sorbed species reduces the possibility of sorption of other surfactant molecules. The steep increase in the slope of sorption isotherm in region II is the result of the change in the conformation of sorbed molecules from a flat to a perpendicular orientation, where alkyl chains form highly packed aggregates, minimizing their contact area with water molecules, and therefore increasing the entropy of the system. In this region, the electrostatic interaction between the charged head groups and negative sites on the BGS surface is still present since the sorbed amount is not sufficient to neutralize the surface charge. Surfactant molecules are still sorbed with head groups facing toward the surface, and self-association leads to the formation of monolayer aggregates. Region III appears when the sorbed amount reaches over 50% of the BGS total negative sites. The decrease in the slope of the isotherm could be attributed to the progressive neutralization of the BGS surface, and to the subsequent reduction of the electrostatic surface/head group attraction, as well as the increase of the repulsion between surfactant head groups. The restart of sorption in region IV occurs when the substrate charge is close to neutral (the amount of sorbed equivalents is close to the corresponding density of the negative sites). The sorption in this domain may occur with a bilayer conformation, with surfactant head groups facing into the solution. The solution activity of the surfactant is now sufficient to overcome the electrostatic repulsion among head groups and to continue the growth of the aggregated domains. The stabilization of the sorption in region V may be attributed to the saturation of the bilayer. This region occurs at the surfactant concentration lower than or close to the CMC. On the other hand, the MBGS1 sample showed a three-region sorption isotherm, which was interpreted as reflecting the generation of the mainly monolayer structure. The three-region isotherm indicates that strong hydrophobic interactions among HTAC alkyl chains enabled the electrostatic repulsion forces to be overcome, thus inducing a continuous transition from region I to region IV. This trend is in agreement with the hypothesis of surfactant self-association into monolayer and bilayer structures. This hypothesis on the mechanisms of surfactant self-assembly at the surface of the BGS biomass was based on the different phenomena reported to take place in the interaction of ionic surfactants with lignocellulosic surfaces [6, 9] . Since the validity of this sorption process for surfactant/biomass systems has not been proven yet, in this study further arguments to support the defining of a possible model are provided.
Biomass-surfactant interaction mechanism Namely, it is known that cellulose and lignin are the basic constituents of BGS biomass. Cellulose polymer skeleton of the biomass consists mainly of long hydrophilic chains composed of glucopyranose units. However, the cellulose naturally possesses a small number of hydrophobic side chains, i.e. terminal groups with multiple C-atoms, which is particularly characteristic in the case of the modified biomass. This hydrophobicity is particularly pronounced in aromatic and aliphatic hydrocarbon chains of lignin. Exactly these hydrophobic groups represent areas of high affinity for the interaction (hydrophobic association) of the biomass with surfactant, whereby a complex type of the product arises [14, 43] . According to the literature [6] , the complexing phenomenon on the biomass surface depends on several factors such as: surface properties of the solid phase, the surfactants structure, the counterion type, the ionic strength in the solution, the pH value of the medium and the temperature. Depending on these factors, and above all concentration, surfactant molecules may be self-organizing on the biomass surface through multiple forms: as monolayer (called hemimicelle), bilayer (called admicelle), spherical and cylindrical aggregates ( Figure 5 ). These 6(2) (2017) 38-50 organized structures can be continuously distributed along the surface, or they can form patches of aggregated domains [6, 9] . Sorption isotherms usually provide the information concerning the onset of surfactant selfassembly occurring when the solution concentration and the surface excess are altered.
According to theoretical models [6] , in the region I ( Figure 5 ) typical for a low-concentration domain, cationic surfactants are mostly sorbed individually on localized centers with the opposite charge through an ion exchange mechanism. Sorption is sparse with no interaction among sorbed surfactant molecules. Up to a critical surfactant concentration, which corresponds to the boundary between regions I and II, sorbed monomers begin to associate through lateral interactions, inducing the formation of monolayered (hemimicelle) and bilayered (admicelle) aggregates. This concentration (called the hemimicelle concentration) occurs well below the surfactant CMC. The generation of surfactant aggregates boosts monomer sorption and explains the abrupt rise in the S-shaped isotherm. A further increase in the surfactant concentration leads to the progressive stabilization of the surfactant sorption up to the saturation of the interface near the CMC. The driving force behind surfactant aggregation is the transfer of surfactant alkyl chains from an aqueous to a hydrocarbon medium (hemimicelle and admicelle core) during self-association. This attractive interaction is counteracted by electrostatic repulsion forces between charged head-groups within surfactant aggregates. Thus, when dispersive and electrostatic-repulsive forces are balanced, a saturation plateau is attained (region III, Figure 5 ). The last region is characterized by the concentration of surfactants above the CMC, where spherical micelles in the solution dominate in addition to the formed double layer. Early tests of this complex phenomenon have shown that surfactants with C12 hydrocarbon chains mainly form monolayered (hemimicelle) aggregates, while the characteristic of C15/C16 surfactants is that they generate bilayered (admicelle) aggregates on the cellulose surface due to the greater contribution of hydrophobic interaction, as well as negligible electrostatic repulsion between the polar heads. In addition, longer hydrocarbon chains also have a significant effect on reducing the initial surfactant concentration (below the CMC) in order to avoid the formation of spherical micelles in the solution.
Depending on the HTAC concentration, two possible mechanisms have been proposed for the formation of surfactant aggregates on the BGS biomass surface (Figure 6 ). According to one interpretation [44] , the nonpolar alkyl part of the surfactant (a long hydrocarbon chain) probably interacts with the surface of the lignocellulosic biomass through hydrophobic binding (characteristic of the surfactant), wherein the surfactant polar part (the positive chemical group) is directed to the solution. Bound in this way, the surfactants make the surface of the biomass positive and represent active centers for the subsequent sorption of negatively charged anionic species 6(2) (2017) 38-50 from the solution. According to another interpretation [45] , the interaction of cationic surfactants with the BGS surface can be controlled by the surface charge in two ways. Namely, on the surface of the lignocellulosic biomass -OH groups with partially negative charge dominate. Some of these functional groups (in the alkaline medium) lose hydrogen ions, forming the -ONa groups (alkali-cellulose). Accordingly, the possible mechanism is the electrostatic attraction between the positive head of the cationic surfactant and the partially negative -OH group of the glucopyranose unit, or the cationic change of surfactants with surface -O -Na + groups, when the monolayered (hemimicelle) aggregates formation on the MBGS1 surface occurs. In the case of MBGS2 sorbent, when the surfactant concentration is above the CMC, there is an increased surfactant sorption at the boundary surface with the formation of bilayered (admicelle) complex aggregates, due to the hydrophobically-hydrophobic attractive interactions of the surfactant hydrocarbon chains (tail) from the solution with the already sorbed surfactant monomers on the biomass surface [46] . Nevertheless, regardless of the presumed mechanism, the biomass surface in both cases is characterized by a positive potential, which corresponds to the process of removing negatively charged anionic pollutants from the solution. Regarding the reaction conditions, it was found that the reaction time and temperature did not have a significant effect on the amount of introduced cationic groups in the biomass structure [5] .
On the other hand, it should be borne in mind that surfactant counterion play a very important role in the self-assembly of surfactant molecules on the biomass surface during modification. The type of counterion and its effect have an important theoretical contribution to understanding the mechanism and improving the sorption efficiency of target anionic species from the solution [15] . Namely, the sorption of inorganic anions on the MBGS sorbent is carried out according to the principle of the ion exchange with surfactant counterions, due to their low affinity to the active centers [44] . The positively charged head groups are balanced by counterions, and the sorption or the exchange of other anionic constituents involves the replacement of weakly held counterions by more strongly held counterions. It is therefore important, especially from a practical aspect, to select the initial surfactant counterion in order to achieve the maximum sorption of the target anion species when removed from the contaminated solution. In this respect, it is possible to use the well-known fact that the effect of counterions on stabilizing the surfactant micelle formation in the solution follow the lyotropic series of anions ( [47] . In addition, the research of the surfactants self-assembly in the function of counterions has shown that greater monolayer of HTAC occurred when Cl -, rather than Br -or I -, was the counterion [16] . This observation is consistent with the stronger interaction between surfactant and Br -(or I -) compared to that with Cl -ion. Thus, the bilayer formation can be minimized when Cl -is the counterion (Figure 7 ). In this way, differences in surfactant counterions can result in different amounts of surfactant sorbed to yield a stable bilayered or patchy bilayered aggregate on the sorbent surface [6] . 6(2) (2017) 38-50 Figure 7 . Sorption of surfactant molecules as a monolayer, patchy bilayer, and bilayer on solid surfaces; monovalent Cl -anions (counterions) are shown balancing the charge on outward-pointing surfactant head groups [44] Test efficiency of MBGS sorbents The efficiency of cationic sorbents was estimated using the sorption capacity to remove phosphate and nitrate anions from the aqueous solution. In this sense, a series of experiments for phosphate removal from the solution of the initial concentration of 10 mg P dm -3 and the removal of nitrate from the solution of the initial concentration of 10 mg N dm -3 , with a sorbent dose of 2 g dm -3 was carried out in the batch system. These initial concentrations were selected in accordance with the quality standards for the wastewater treatment in eutrophication sensitive regions (Council Directive 91/271/EEC). The reaction conditions of the sorption process (mixing rate of 150 rpm, contact time 60 min, temperature 25 ºC, pH 6.8) were selected in accordance with the literature data, which proved to be optimal for these purposes [48, 49] .
Comparative results of the sorbents efficiency, relative to the initial biomass, are shown in Table 3 . Table 3 . Efficiency of phosphate and nitrate sorption using cationic sorbents (Qe -equilibrium sorption capacity)
The efficiency test of MBGS1 and MBGS2 sorbents for removing phosphate and nitrate anions from aqueous solutions (the same initial concentration, under the same reaction conditions) confirmed the success of the starting biomass modification. It was found that the BGS biomass does not show sorption properties for the investigated anions (< 1%). However, both sorbents showed an almost identical degree of the removal of the examined anions (about 40% for phosphates and 22% for nitrates). As expected, in both cases the sorption capacities (Qe) were independent of the applied surfactant concentration for the biomass modification (below and above the CMC). This can be understandable if the model of the biomass modification by surfactant is taken into account for interpretation ( Figure 6 ). It is clear that the formation of surfactant complex aggregates on the biomass surface increases the number of added cationic groups, but not the number of available active centers for the interaction with the present anions in the solution [9] .
Sorption of anions from the solution on the MBGS biosorbent surface can be observed in two ways, depending on the mechanism of monolayer or bilayer complex aggregates formation [9] . The first way of surfactants interaction (monolayer) is more likely at lower initial surfactant concentrations, when the ion exchange capacity is reached at almost 100% or slightly lower. The second type of interaction (bilayer) is characteristic for higher concentrations of surfactants, usually above the CMC [9] . Given that the experiment provides a quantity of HTAC surfactants greater than the exchange capacity of biomass, it can be assumed that bilayer (or patchy bilayer) aggregates on the biomass surface are formed. However, the principle of removing anion from the solution was identical in both cases. In order to achieve anions sorption, the modified biomass surface must be enriched with positively charged groups (exchange active centers). These active centers are in fact positively charged -NR 4 + groups (HTAC surfactant heads) that are stabilized by counterions (Cl -ions). In this case, the positively charged heads are directed towards the solution, which makes the surface of the modified biomass suitable for the anion sorption process (Figure 8a ). The sorption of other negative anionic species (phosphate and nitrate in this case) on MBGS sorbent can be attributed to the formation of a surfactant-anion complex [44] . Thus, the anion sorption mechanism implies the ion exchange. In this way, the mechanism involves the replacement of weakly held counterions (Cl -) by more strongly held counterions (H 2 PO 4 -or NO 3 -) on the biomass surface active centers (-NR 4 + ). In addition, the surfactant amount present in the solution, together with the surfactant chemical nature (the hydrocarbon chain length and the counterion type), has a very strong effect on the rheological properties of the aqueous solution (i.e. viscosity). This will actually affect the anion diffusion through the solution during the sorption process, and thus the degree of the anion removal [50] . The corresponding model of MBGS sorbent after the anions removal from the solution is presented in Figure 8b . This model is confirmed by the results of the morphological SEM analysis. Similar models of lignocellulosic biomass modification with other cationic surfactants, as well as the mechanisms for removing some anions (phosphate, nitrate, sulphate, chromate) or anionic dyes from contaminated aqueous solutions, were pointed out by other authors [9, 10, 48] . SEM analysis of the surfactant/biomass system The morphology of the BGS biomass and surface properties of the MBGS sorbent before and after the sorption of anionic pollutants were analyzed by scanning electron microscope (SEM) methods. The SEM images of the BGS biomass, a surfactant modified BGS sample before anions sorption, and MBGS sorbent after the sorption of anionic pollutants are shown in Figure  9 . There are obvious morphological differences of the SEM images of BGS and MBGS, as shown in Figure  9 . At macro-level, BGS is mainly composed of tiny disorganized plant vessels of various dimensions (30-50 μm), sharp edges and diverse morphology (Figure 9a) , mainly containing cellulose, hemicelluloses and lignin. The SEM image indicates the channels existence of vertical and horizontal orientation, and a variety of cavities on the external surface. This image at 2 kx magnification showed the irregular surface morphology and a porous structure of BGS, with micro-pores of different shapes and sizes (about 1-2 μm). The surface morphology of MBGS was different from that of BGS. The SEM image of MBGS (Figure 9b ) represents a compact, uneven and folded surface. The sharp edges of each microstructure now look less obvious. These facts can be attributed to overlapping the biomass surface with surfactant molecules during BGS modification. Likewise, this result indicated that a part of surfactant molecules is most probably arranged through a mode of bimolecular association (in MBGS2), or a popular monolayer coverage mode (in the case of BGS1). In addition, this SEM image shows a flexible and macro-porous surface, which should be benefit for the anionic pollutants removal from the aqueous solution. Also, the anions binding to the surfactant modified sorbent caused some further changes in the surface morphology of MBGS, as shown in Figure 9c . The sorption of phosphate and nitrate leads to coverage of HTAC molecules on MBGS surface and as the result, thicker channel walls, smaller macro-pores and fewer cavities on the external biomass surface can be observed compared to those prior to the sorption. This finding suggests that anionic pollutants sorption is closely related to the presence of represented chemical groups (quaternary ammonium) on the solid BGS surface, which is additionally confirmed by FTIR and elemental analysis, as already described. 
Conclusion
The surface modification of the solid agricultural residue is very important to explore new applications. In this study, a cationic surfactant, hexadecyltrimethylammonium chloride (HTAC, CH 3 (CH 2 ) 15 N(Cl)(CH 3 ) 3 ), was used to modify the bottle gourd shell (BGS) surface for the anions sorption enhancement. Functionalization of the BGS surface by the cationic HTAC surfactant was performed due to the introduction of stable positively charged groups on the surface, and to adjusting the surface energy characteristic to improve the biomass compatibility as a cationic sorbent. The modification was conducted under various HTAC concentrations (below and above CMC) in order to impose a different degree of surface hydrophobicity. Several characterization methods, including FTIR, SEM, compositional and elemental analyses confirmed the surfactant modification of the BGS biomass. The results showed that new quaternary ammonium (-N + R 3 ) chemical groups appeared on the MBGS surface, which actually represent sorbent active centers for removing anionic pollutants from the aqueous solution. Based on the amount of added cationic groups in MBGS, the theoretical ion exchange capacity of 1.01 mEq g -1 was calculated. The isotherms of surfactant sorption provided the information regarding the self-assembly of the cationic HTAC surfactant onto the BGS surface. Depending on the HTAC concentration, two possible mechanisms have been proposed for the formation of surfactant aggregates. The efficiency of MBGS sorbent was estimated using the sorption capacity to remove phosphate (about 40%) and nitrate (about 22%) anions from the contaminated aqueous solution. Morphological SEM analysis of the post-sorption sample proved that the porous MBGS surface was covered with the cationic HTAC surfactant, which served as the main sorption sites for the investigated anions. Due to abundant availability and easy modification at relatively low cost, the application of the surfactant modified bottle gourd shell showed a promising alternative method for the wastewater treatment.
